Abstract-Hepatic expression of apolipoprotein (apo) B mRNA-editing enzyme catalytic polypeptide 1 (APOBEC-1) has been proposed as a gene therapy approach for lowering plasma low density lipoprotein (LDL) levels. However, high-level expression of APOBEC-1 in transgenic mouse and rabbit livers causes liver dysplasia and hepatocellular carcinoma. To determine the physiological and pathological effects of low-level hepatic expression of APOBEC-1, we used a 52-kb rat APOBEC-1 genomic clone (RE4) to generate transgenic mice expressing low levels of APOBEC-1 (2 to 5 times those in nontransgenic mice). Liver function, liver histology, editing of apoB mRNA at the normal editing site (C 6666 ), and abnormal editing at multiple sites (hyperediting) in these mice were compared with those in transgenic mice expressing intermediate (I-20) or high (I-28) levels of APOBEC-1 in the liver. Hyperediting of mRNA coding for the novel APOBEC-1 target 1 (NAT1) was also examined. In the high-expressing I-28 line, 50% of the mice had palpable tumors at 15 weeks of age, whereas in the intermediate-expressing I-20 line, 50% of the mice had evidence of liver tumors after 1 year. In contrast, low-expressing RE4 mice had normal liver function and histology and did not develop liver tumors when examined at 3 to 17 months of age. Moreover, hyperediting of apoB and NAT1 mRNA in the liver was robust in the I-20 mice but barely detectable in the RE4 mice. The low-level expression resulted in sufficient APOBEC-1 to edit essentially all apoB mRNA at the normal editing site, virtually eliminating apoB-100 and LDL in the plasma of RE4 mice. When RE4 mice were crossed with human apoB transgenic mice, which possess high plasma LDL concentrations, plasma LDL levels in the offspring were reduced to very low levels. These results indicates that long-term hepatic expression of APOBEC-1 at low levels sufficient to eliminate LDL does not cause apparent liver damage or liver tumors in transgenic mice. RE4 APOBEC-1 transgenic mice should prove valuable for studying the roles of apoB-containing lipoproteins in lipid metabolism and atherosclerosis. 1 ApoB-100, the full-length protein, is synthesized in the liver and is essential for the assembly and secretion of VLDLs, 2,3 the precursors of LDLs. LDLs transport about two thirds of the cholesterol in the plasma and are the major atherogenic lipoproteins in humans. ApoB-100 is the major protein component of LDL and mediates their uptake by the LDL receptor. ApoB-100 is also a component of other atherogenic lipoproteins, such as Lp(a) and ␤-VLDL. ApoB-48, the amino-terminal 48% of apoB-100, is synthesized in the small intestine of all mammalian species and is essential for the assembly and secretion of chylomicrons. ApoB-48 is formed by apoB mRNA editing of the same nuclear mRNA that encodes apoB-100. 4 The apoB mRNAediting catalytic polypeptide 1 (APOBEC-1) deaminates the cytidine in codon 2153 (C 6666 AA) to form a uridine. The resulting in-frame stop codon (U 6666 AA) causes premature translation termination and formation of apoB-48.
T wo forms of apoB are involved in normal lipoprotein metabolism. 1 ApoB-100, the full-length protein, is synthesized in the liver and is essential for the assembly and secretion of VLDLs, 2,3 the precursors of LDLs. LDLs transport about two thirds of the cholesterol in the plasma and are the major atherogenic lipoproteins in humans. ApoB-100 is the major protein component of LDL and mediates their uptake by the LDL receptor. ApoB-100 is also a component of other atherogenic lipoproteins, such as Lp(a) and ␤-VLDL. ApoB-48, the amino-terminal 48% of apoB-100, is synthesized in the small intestine of all mammalian species and is essential for the assembly and secretion of chylomicrons. 3 ApoB-48 is formed by apoB mRNA editing of the same nuclear mRNA that encodes apoB-100. 4 The apoB mRNAediting catalytic polypeptide 1 (APOBEC-1) deaminates the cytidine in codon 2153 (C 6666 AA) to form a uridine. The resulting in-frame stop codon (U 6666 AA) causes premature translation termination and formation of apoB-48. 5 ApoB mRNA editing has significant functional consequences on lipoprotein metabolism. ApoB-48, the product of this editing, lacks the LDL receptor-binding domain of apoB, which is located at the carboxyl-terminal half of apoB-100, and therefore cannot bind to the LDL receptor. However, unlike those containing apoB-100, lipoproteins containing apoB-48 possess multiple copies of apoE, which serves as a ligand to mediate the clearance of the particles through both the LDL receptor and the LDL receptor-related protein. 6 Even though single copies of apoB-100 and apoE bind to the LDL receptor with similar affinities, lipoproteins with multiple copies of apoE bind to multiple LDL receptors, increasing the affinity of the lipoprotein-receptor interaction. 7 As a result, apoB-48 -containing particles are cleared from the circulation more rapidly (in a matter of minutes) than are LDLs (2 to 3 days), which contain only 1 apoB-100 molecule. 8 There is also evidence that apoB-100 -containing particles can be converted to LDL, whereas apoB-48 -containing particles cannot. 9 Because apoB-48 does not attach to apo(a), it is not involved in the formation of the atherogenic Lp(a). 1 Unlike humans and rabbits, which express APOBEC-1 in the small intestine only, rats and mice express APOBEC-1 in multiple tissues, including the liver. 3 As a result of the hepatic expression of APOBEC-1, these species secrete both apoB-100-and apoB-48 -containing lipoproteins from the liver. 9 -11 Because apoB-48 -containing lipoproteins are cleared rapidly from the circulation, are not converted to LDL, and cannot form Lp(a), 1, 12 mice and rats have lower apoB-100 and LDL levels and are more resistant to diet-induced atherosclerosis than are most other species. This evidence suggests several hypotheses. First, increased hepatic editing activity in species that already partially edit apoB mRNA, such as mice and rats, would further lower LDL concentrations. Second, introducing APOBEC-1 into the liver of species that normally lack the enzyme, such as rabbits and humans, would lower plasma LDL concentrations. Third, hepatic expression of APOBEC-1 could be used therapeutically to reduce the levels of atherogenic lipoproteins, LDL, and Lp(a) and to prevent atherosclerosis.
Two approaches have been employed to determine whether the introduction of APOBEC-1 into the livers of experimental animals will reduce plasma levels of LDL and Lp(a). One method has been to use adenoviral vectors to produce short-term expression of exogenous APOBEC-1 in the livers of mice and rabbits. This approach has been described in 4 studies. In the first, expression of APOBEC-1 markedly but transiently decreased the concentrations of mouse apoB-100 and LDL in mice. 13 In the second, APOBEC-1 reduced plasma cholesterol levels by 30% in the LDL receptordeficient Watanabe heritable hyperlipidimic rabbit. 14 In the third, APOBEC-1 expression decreased the plasma levels of human apoB-100 and Lp(a) in transgenic mice expressing human Lp(a). 15 In the fourth, APOBEC-1 lowered plasma LDL in LDL receptor-knockout mice. 16 These studies support the hypothesis that gene therapy with APOBEC-1 can lower plasma apoB-100 and LDL levels. However, because of the brief duration of transgene expression, the long-term effects of increased APOBEC-1 expression in the liver could not be assessed in these studies, and atherosclerosis studies could not be performed in these animal models.
Adopting another approach, we expressed high levels of rabbit APOBEC-1 cDNA in the livers of transgenic mice and rabbits. 17 In these animals, apo-B mRNA was extensively edited in the livers, and the plasma levels of apo-B100 and LDL were reduced. However, massive overexpression of APOBEC-1 in the liver caused liver dysplasia and hepatocellular carcinomas. We hypothesized that the overexpression of APOBEC-1 caused the aberrant hepatic editing of other mRNAs, resulting in serious pathological changes. This hypothesis is supported by the discovery of apoB mRNA editing at multiple sites downstream of C 6666 (hyperediting) and the hyperediting of a novel mRNA designated NAT1 (novel APOBEC-1 target 1) in the livers of animals overexpressing APOBEC-1. 18, 19 Functional studies have indicated that NAT1 is most likely a translation repressor, 19 and aberrant editing in the livers of these transgenic animals caused missense mutation of NAT-1, greatly reducing the levels of this protein. Although it remains to be determined whether editing of NAT-1 caused the liver dysplasia and tumorigenesis in these animals, it is clear that high-level expression of APOBEC-1 in the liver can have detrimental effects.
To study regulation of the rat APOBEC-1 gene, we generated transgenic mice (RE4) expressing low levels of APOBEC-1 by using a rat APOBEC-1 genomic clone. 20 The tissue distribution and relative levels of APOBEC-1 transgene expression in various tissues in these mice closely resembled those of the rat and mouse APOBEC-1 gene. 20 In this study, we used these mice to determine whether longterm, low-level expression of APOBEC-1 would lower LDL levels without causing liver damage. Using these mice and the mice expressing intermediate (I-20) and high (I-28) levels of APOBEC-1, 17 we investigated the correlation between the level of APOBEC-1 editing activity and pathogenesis in the liver and hyperediting of apoB and NAT1 mRNAs. We also investigated the effects of low-level APOBEC-1 expression on lipid and lipoprotein metabolism in the RE4 mice and in double-transgenic mice expressing both APOBEC-1 and human apoB-100.
Methods

Mice
Rat APOBEC-1 transgenic mice (RE4) were generated with a 52-kb genomic clone containing Ϸ4 kb of the 5Ј and Ϸ30 kb of the 3Ј flanking sequence of the rat APOBEC-1 gene. 20 RNase protection assays demonstrated that expression of the rat APOBEC-1 transgene closely mimicked the patterns of endogenous mouse and rat APOBEC-1 expression. 20 Transgenic mice overexpressing rabbit APOBEC-1 (I-20 and I-28) were generated with a full-length cDNA fragment of rabbit APOBEC-1 as described previously. 17 Expression of the rabbit transgene was controlled by the promoter and hepatic control region of the human apoE gene; therefore, the transgenes were specifically expressed in the liver. 17 All APOBEC-1 transgenic mice used in this study were hybrids of genetic strains C57BL/6 (25%), SJL (25%), and ICR (50%). Human apoB transgenic mice were generated with an insert from a P1 plasmid (p158) (J.B. et al, unpublished data). These mice were hybrids of genetic strains C57BL/6 and SJL. APOBEC-1/apoB double-transgenic mice were generated by mating RE4 mice with human apoB mice. F1 mice from this mating were used in this study. All animal experiments were carried out in compliance with guidelines for the humane treatment of animals from the National Institutes of Health and the University of California, San Francisco.
Determination of ApoB mRNA-Editing Activity in Mouse Liver S100 Extracts
Liver S100 extracts were prepared from age-and sex-matched nontransgenic mice, transgenic mice expressing the rat APOBEC-1
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apo ϭ apolipoprotein APOBEC-1 ϭ apoB mRNA-editing catalytic polypeptide 1 Lp(a) ϭ lipoprotein(a) NAT1 ϭ novel APOBEC-1 target 1 PCR ϭ polymerase chain reaction RT ϭ reverse transcribed gene (RE4), 20 or transgenic mice expressing the rabbit APOBEC-1 cDNA (I-20 or I-28) 17 as follows. Liver segments were homogenized in S100 buffer A (10 mmol/L HEPES, pH 7.9, 1.5 mmol/L MgCl 2 , 10 mmol/L KCl, 0.2 mmol/L EGTA, 1 mmol/L EDTA, 1 mmol/L DTT, 0.15 mmol/L spermine, and 0.5 mmol/L spermidine). The homogenates were cleared of tissue debris by centrifugation at 4000g at 4°C for 10 minutes. A 0.11 volume of S100 buffer B (0.3 mol/L HEPES, pH 7.9, 30 mmol/L MgCl 2 , and 1.4 mol/L KCl) was added to the cleared supernatant, and the mixture was centrifuged at 100 000g for 50 minutes at 4°C. The S100 extract was then dialyzed against buffer D (20 mmol/L HEPES, pH 7.9, 125 mmol/L KCl, 1 mmol/L EDTA, 0.2 mmol/L EGTA, 20% glycerol, and 1 mmol/L DTT) and the following protease inhibitors: 1 mmol/L PMSF, 1 mmol/L benzamidine, 10 mol/L leupeptin, 10 mol/L pepstatin, 10 U/mL aprotinin, and 20 g/mL soybean trypsin inhibitor. S100 extract (100 g) was incubated with 10 ng of synthetic substrate apoB mRNA at 30°C for 2 hours. The editing of the substrate apoB mRNA (354 nucleotides of rabbit apoB) was determined by primer extension as described previously.
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Histopathological Analysis
Mouse livers were fixed with phosphate-buffered 10% formalin (Fisher Scientific), embedded in paraffin, and sectioned by standard techniques. Sections were stained with hematoxylin/eosin and examined by light microscopy. All histological sections were graded blindly. Levels of liver enzymes in mouse plasma were determined by standard techniques in the Clinical Laboratories, San Francisco General Hospital Medical Center.
Analysis of ApoB and NAT1 mRNA Editing
Total RNA isolated from transgenic and control nontransgenic mouse livers was treated with DNase and reverse transcribed with a first-strand cDNA synthesis kit (Life Technologies). Selected fragments of apoB and NAT1 cDNA were amplified by PCR. Primers used to amplify mouse apoB were mouse M49 (5Ј-CTGAATG CATCTGACTGGGAGAGACAAGTAGCTG-3Ј) and mouse M50 (5Ј-CGGATATGATCTGTTCGTCAAGC-3Ј). Primers used to amplify human apoB were human M49 (5Ј-CTGAATTCATTCAATT GGGAGAGACAAGTTTCAC-3Ј) and human M50 (5Ј-CG GATATGATAGTGCTCATCAAGAC-3Ј). Primers used to detect the editing of multiple cytidines in apoB mRNA were M51 (5Ј-ATCATAACTACTTTTAATATACTG-3Ј) for editing of C 6666 , M52 (5Ј-TTCATCAAGAATTTTTAACTTTTC-3Ј) for editing of C 6738 and C 6743 , and M54 (5Ј-TTTTTAAGTCATGTGGATCATAAT-3Ј) for editing of C 6675 . Primers used to amplify NAT1 were D45620 -32UP (5Ј-GGTGTGAACAAATGGTGAGAAT-3Ј) and D45620 -146LP (5Ј-TTTCAAGTATCACAATGTTTATTG-3Ј). PCR products were analyzed by primer extension with primer PE83 (5Ј-ACAAGTATATAAAATCAGGGCATG-3Ј) to detect the C-to-U editing at C 3725 and C 3730 as described previously. 18, 19 Five mice from each group were analyzed. The editing of apoB and NAT-1 mRNAs Figure 1 . Correlation of hepatic apoB mRNA-editing levels and pathogenic effects. A, Editing activity in mouse liver S100 extracts. Liver S100 extracts from age-and sex-matched nontransgenic (Non-tg) mice, transgenic mice expressing rat APOBEC-1 (RE4), and lines of mice expressing rabbit APOBEC-1 (I-20 and I-28) (nϭ5 per group) were analyzed for apoB mRNA-editing activity by an in vitro editing assay and primer extension analysis. Data are meanϮSD. B, Kaplan-Meier disease-free survival curves of transgenic mice expressing APOBEC-1. Internal organs of transgenic mice were examined at the indicated time points, and all grossly abnormal tissues were excised and examined histopathologically. 
Analysis of Plasma Lipids and Lipoproteins
Lipid levels were measured in fresh plasma from age-and sexmatched nontransgenic mice, transgenic mice expressing the rat APOBEC-1 gene (RE4), and double-transgenic mice expressing both rat APOBEC-1 and human apoB-100 (nϭ3 in each group). All mice were fed a chow diet and were fasted for 6 hours before blood samples were drawn by cardiac puncture. EDTA at a final concentration of 2.5 mmol/L was used as an anticoagulant. Plasma was obtained by centrifugation at 16 000g for 10 minutes at 4°C, and the samples were stored with 1 mmol/L PMSF.
To compare the apoB-100 and apoB-48 levels in the mice of different groups, plasma samples (or lipoprotein fractions isolated by ultracentrifugation) were analyzed on SDS-polyacrylamide gels followed by immunoblotting. An affinity-purified polyclonal antibody against rat LDL was used to detect mouse apoB, and monoclonal antibody 1D1 was used to detect human apoB. 22 Lipoproteins in 200 L of plasma were fractionated by Superose 6 chromatography as described previously. 23 Major lipoprotein classes eluted from the Superose 6 column were pooled [fractions 17 to 19, VLDL; 20 to 23, IDL; 24 to 29, LDL and HDL 1 ; and 30 to 36, HDL] and concentrated to a volume of 50 L with Centricon filters. Aliquots (3 L) of concentrated lipoprotein fractions were separated on 1% agarose gels at 90 V for 45 minutes. The gels were stained for neutral lipids with fat red 7B (Sigma Chemical Co).
Cholesterol and triglycerides in 5-L plasma sample or in a 100-L sample from each 500-L Superose 6 fraction were measured with a Spectrum lipid analyzer (Abbott Laboratories). Protein concentrations were determined by the method of Lowry et al. 24 
Results
Correlation of Tumorigenesis and APOBEC-1 Levels in the Livers of Transgenic Mice
To compare the expression levels of APOBEC-1 in RE4, I-20, and I-28 mice, we measured the enzymatic activities of APOBEC-1 in mouse liver S-100 extracts with an in vitro editing assay. Hepatic APOBEC-1-mediated editing activity was Ϸ8 and Ϸ12 times higher in I-20 and I-28 mice, respectively, but only Ϸ3 times higher in RE4 mice than in nontransgenic mice ( Figure 1A) .
In the I-28 mice, which had the highest level of APOBEC-1 expression, 50% of the mice had visible liver tumors after only 15 weeks, and Ͼ80% had tumors within 6 months ( Figure 1B) . In the I-20 mice, hepatic dysplasia was apparent shortly after birth, and slightly Ͼ50% of the mice had evidence of liver tumors after 1 year. The livers of all RE4 mice appeared normal after 65 weeks (12 livers examined between 12 to 20 weeks, 30 livers examined between 22 to 24 weeks, and 11 livers examined between 53 to 65 weeks) and were similar in size and appearance to those of nontransgenic controls examined at 3 to 17 months of age. Histopathological examination of liver sections showed almost no abnormalities in RE4 mice (nϭ18) expressing low levels of APOBEC-1, although in the older mice (nϭ3 each group, 65 weeks), we observed some fatty changes in the RE4 mice and the nontransgenic mice (nϭ3 each group, 65 weeks). In contrast, the livers of I-20 mice (nϭ12) overexpressing APOBEC-1 showed fatty deposits and hepatic dysplasia ( Figure  2 ), similar to the results previously described for the livers of these transgenic mice. 17 Thus, the incidence of hepatic dysplasia and tumors was correlated with the APOBEC-1 expression levels.
To evaluate the effect of APOBEC-1 expression on liver function, we measured the alanine aminotransferase and aspartate aminotransferase levels in transgenic mouse plasma (Figure 3 ). I-20 mice had elevated liver enzymes, indicating liver dysfunction ( Figure 3 ). In contrast, RE4 mice had normal liver enzyme levels. Thus, long-term, low-level APOBEC-1 expression did not cause liver dysfunction or tumors in transgenic mice.
Effect of APOBEC-1 Expression on Hyperediting of ApoB and NAT1 mRNA
Site-specific editing of apoB mRNA by APOBEC-1 requires additional unidentified auxiliary protein factors. 11 Some of these auxiliary proteins may determine the specificity of editing through the binding to apoB mRNA and recruiting of APOBEC-1 to the specific site of editing, C 6666 . When APOBEC-1 is overexpressed in either animals 17, 18 or tissue culture cells, 25 the specificity of apo-B editing is lost, result- ing in the hyperediting of other cytidines in apoB mRNA. These results suggest that the relative levels of APOBEC-1 and other auxiliary factors are important for site-specific editing and that the most likely mechanism for the liver dysplasia and tumors in animals overexpressing APOBEC-1 is the hyperediting of mRNAs that control cell proliferation. We have identified one mRNA, NAT1, that is hyperedited in the liver tumors in transgenic mice but is not edited in nontransgenic mice. 19 Therefore, the degree of hyperediting of apo-B and NAT1 may represent the loss of balanced stoichiometry in the editing complex and consequently, the loss of specificity. To test the effect of APOBEC-1 expression on the specificity of editing, we used RT-PCR and primer extension to assess hyperediting at several sites on apoB and NAT1 mRNAs from transgenic mouse livers. As shown in Figure 4A , C 6738 , C 6743 , and C 6675 in apoB mRNA, which were not edited in nontransgenic control mice, were hyperedited in the livers of I-20 mice (37.4Ϯ2.6%, 10.3Ϯ0.8%, and 7.3Ϯ0.6%, respectively). In RE4 mice, however, these cytidines were either not edited (C 6738 ) or only minimally edited (C 6743 , 1Ϯ0.5%; C 6675 , 0.6Ϯ0.2%). Similarly, 2 cytidines in NAT1 mRNA that were hyperedited in I-20 mice (C 3725 , 7.4Ϯ0.6%; C 3730 , 18.3Ϯ0.9%) were either not edited (C 3725 ) or only minimally edited (C 3730 , 1.3Ϯ0.3%) in RE4 mice ( Figure 4B ). These results indicate a dosedependent effect of APOBEC-1 expression on hyperediting of both apoB and NAT1 mRNAs.
Effect of APOBEC-1 Expression on ApoB-100 and LDL Levels
Although low-level APOBEC-1 expression resulted in only minimal hyperediting of apoB and NAT1 mRNAs and no liver tumors, it was sufficient to edit almost all apoB mRNA at C 6666 and dramatically reduce plasma apo-B100 and LDL levels. Using RT-PCR and primer extension analysis, we determined the editing of apoB mRNA at C 6666 in the livers of control nontransgenic, RE4 transgenic, and I-20 transgenic mice. An average of 69% of apoB mRNA in the nontransgenic mouse liver was edited. In I-20 transgenic mice, which had 8 times the editing activity, Ͼ95% of apoB mRNA was edited. Surprisingly, in the low-expressing RE4 mice, an average of 93% of apoB mRNA was edited ( Figure 5A ). Western blot analysis of apoB in mouse plasma lipoproteins isolated by ultracentrifugation (dϽ1.210 g/mL) was unable to detect apoB-100 in both RE4 and I-20 mice ( Figure 5B ). These results indicate that even low levels of APOBEC-1 expression dramatically reduce apoB-100 concentrations in transgenic mice.
To examine the effect of low-level APOBEC-1 expression on LDL levels in transgenic mice, we analyzed plasma lipoproteins in nontransgenic and RE4 mice ( Figure 6 ). Superose 6 chromatographic column fractions representing VLDL, IDL, LDL, and HDL were pooled, concentrated, and subjected to agarose gel electrophoresis (Figure 7) . Compared with nontransgenic mice, RE4 mice had similar total choles- terol levels (the Table) but lower LDL cholesterol levels ( Figures 6 and 7) .
Mice have intrinsically low plasma concentrations of apoB-100 and LDL. To assess further the efficacy of low APOBEC-1 expression in reducing plasma apoB-100 and LDL levels in an animal model with a lipoprotein profile resembling that of humans, we bred RE4 mice with human apoB transgenic mice, which have elevated levels of total cholesterol and LDL cholesterol (the Table and Figure 6C ). Low-level APOBEC-1 expression significantly decreased plasma total cholesterol, triglycerides, and LDL cholesterol concentrations in double-transgenic mice compared with human apoB-only transgenic mice (the Table and Figures  6C, 6D , 7C, and 7D) and reduced plasma apoB-100 to undetectable levels ( Figure 8A ). In human apoB transgenic mice, mouse and human apoB mRNAs were edited at comparable levels (75% and 77%, respectively) ( Figure 8B ). In 2 APOBEC-1/human apoB double-transgenic mice, editing at C 6666 increased to 95% and 92% for mouse and human apoB mRNAs, respectively. These results indicate that even low-level hepatic expression of APOBEC-1 efficiently reduces elevated apoB-100 and LDL levels, making the mice resistant to hypercholesterolemia induced by overproduction of apoB.
Discussion
In the current study we used transgenic mice expressing low and high levels of APOBEC-1 in the liver to investigate the efficacy and safety of hepatic APOBEC-1 expression. The results clearly showed that the liver dysplasia and hepatocellular carcinoma depend on the level of APOBEC-1 expression. Low-expressing RE4 mice had histologically normal livers and no evidence of altered liver function for up to 65 weeks. High-expressing I-28 mice developed tumors by 10 to 20 weeks of age, and intermediate-expressing I-20 mice had evidence of liver dysplasia after birth but on average did not develop evidence of tumors until almost 1 year of age ( Figure  1B) . Therefore, for APOBEC-1 to be useful as a therapeutic agent, it is critical to maintain hepatic APOBEC-1 expression at a level that permits efficient normal editing but does not alter the function and proliferation of hepatocytes. As demonstrated by this study, such a goal is achievable, at least in mice.
It has been shown that AU-rich mRNAs bind APOBEC-1, regardless of their intrinsic ability to undergo editing. 26 However, the remarkable specificity of apoB mRNA editing under physiological conditions is thought to be determined by auxiliary proteins in the editing complex. We and others have proposed that hyperediting represents a loss of specificity of the apo B mRNA-editing machinery caused by a shift of stoichiometry between APOBEC-1 and the auxiliary proteins. 18, 25 The correlation between expression levels of APOBEC-1 and the degree of hyperediting of both NAT1 and apoB mRNAs observed here supports this hypothesis.
The low-expressing transgenic mice were generated by the use of a rat transgene, whereas the transgenic mice expressing medium and high levels of APOBEC-1 were generated by the use of a rabbit gene. Because the rat gene is more similar to the mouse gene, the difference in toxicity may have been in part due to species difference. However, it is unlikely that this is the main cause of the difference in toxicity for the following two reasons. First, overexpression of rabbit APOBEC-1 in transgenic rabbit caused liver dysplasia 17 ; second, overexpression of rat APOBEC-1 in rat hepatoma cell line McArdle cells resulted in hyperediting. 25 Thus, homologous biological systems displayed the same phenotype when APOBEC-1 was overexpressed. The current study demonstrates that a low level of hepatic apoB mRNA editing activity virtually eliminates LDL from the plasma. This finding supports the hypothesis that increased hepatic apoB mRNA editing can lower apoB-100 and LDL cholesterol levels. Indeed, low-level expression of APOBEC-1 even reduced plasma apoB-100 and LDL levels in the human apoB transgenic mice, which have greatly elevated plasma apoB-100 and LDL cholesterol. Similarly, adenovirus-mediated hepatic expression of APOBEC-1 dramatically decreased plasma apoB-100 and LDL levels in Watanabe heritable hyperlipidemic rabbits and LDL receptor-null mice, which also have greatly elevated plasma LDL cholesterol levels. 14, 16 These results indicate that increasing hepatic APOBEC-1 activity by either gene therapy or pharmaceutical treatment could reduce or prevent hypercholesterolemia in mice and rabbits and probably in humans as well.
Despite these encouraging results for the potential therapeutic use of hepatic APOBEC-1 expression, it is important to note that more rigorous control of the specificity of APOBEC-1 editing may be required in species that do not normally express APOBEC-1 in the liver, such as humans and rabbits. Human and rabbit livers possess auxiliary proteins that supplement APOBEC-1 and permit editing, 21, 27 but deficiencies in their amount or composition may result in hyperediting at a lower level of APOBEC-1 expression than in mouse liver.
The RE4 mice expressing low levels of APOBEC-1 should prove useful for studying the roles of apoB-containing lipoproteins in lipid metabolism and atherosclerosis. Although our findings demonstrate that increased hepatic editing effectively reduces apoB-100 and prevents hypercholesterolemia, it is not known whether lipoproteins containing apoB-48 are as atherogenic as those containing apoB-100. Intestinally derived apoB-48-containing lipoproteins are cleared rapidly after their appearance in the circulation. 8 The low LDL cholesterol levels and relative resistance to diet-induced hypercholesterolemia in rodents further indicate that apoB-48 -containing lipoproteins do not contribute to a high plasma cholesterol level. Studies of hypobetacholesterolemic patients indicate that expression of other truncated forms of apoB can also lower LDL levels. 28 In heterozygous subjects with hypobetacholesterolemia, who are resistant to atherosclerosis, LDL cholesterol levels are one-third to one-half of normal. These observations support the appealing hypothesis that inducing hepatic apoB-48 expression in humans might be used to lower LDL cholesterol levels and reduce atherogenic events. However, other studies suggest that apoB-48 -containing lipoproteins may be atherogenic. Type III hypercholesterolemia is characterized clinically by the elevation of plasma cholesterol and triglyceride levels, the accumulation of cholesterol-rich ␤-VLDL particles (apoB-48 -containing ␤-VLDL and apoB-100 -containing VLDL remnants) in the plasma, and the formation of lipid deposits in the skin and artery wall. 6, 29 In vitro experiments using mouse peritoneal macrophages have shown that the chylomicron remnants are effective in causing cholesteryl ester accumulation in these cells. 30 Recently, transgenic apoB-100 -and apoB-48 -only mice on the apoE-null background were used to study the atherogenicity of apoB proteins. 31 This study indicated that in the absence of apoE, apoB-48 is at least as atherogenic as apoB-100. Thus, susceptibility to atherosclerosis in these animal models depends on total cholesterol levels. However, because apoE is an important component of apoB-48 -containing lipoproteins, it is not known whether the apoEdepleted apoB-48 particles have the same lipid composition or whether the apoB-48 has the same conformation on these particles as on those containing apoE. Therefore, the atherogenic properties of apoB-48 in the presence of apoE remain to be elucidated. The RE4 mice characterized in this study expressed low levels of APOBEC-1 in the liver and showed no signs of pathological effects from the transgene. When these mice were crossed with human apoB transgenic mice, no apoB-100 was detectable in the plasma of their double-transgenic offspring. Transgenic mice overexpressing human apoB develop severe atherosclerosis when they are fed a high-fat, high-cholesterol diet. 32 Thus, the APOBEC-1/human apoB double-transgenic mouse can be used to determine whether conversion of all apoB-100 in the apoB-overexpressing mice to apoB-48 will prevent or promote the development of atherosclerosis. Furthermore, genetic crossing of this mouse model with other transgenic or knockout mouse models harboring other changes in lipoprotein metabolism and the vasculature will allow us to generate new transgenic mouse lines with an apoB-48 -only phenotype on these altered genetic backgrounds. These mouse models can be used to dissect the interrelationship between apoB and the other risk or beneficial factors of atherosclerosis.
